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Abstract
The birth of attosecond light sources is expected to inspire a breakthrough in ultrafast op-
tics, which may extend human real-time measurement and control techniques into atomic-scale
electronic dynamics. For applications, it is essential to obtain a single attosecond pulse of high in-
tensity, large photon energy and short duration. Here we show that single 100-terawatt attosecond
X-ray light pulse with intensity 1× 1021W/cm2 and duration 7.9as can be produced by intense laser
irradiation on a capacitor-nanofoil target composed of two separate nanofoils. In the interaction,
a strong electrostatic potential develops between two nanofoils, which drags electrons out of the
second foil and piles them up in vacuum, forming an ultradense relativistic electron nanobunch.
This nanobunch exists in only half a laser cycle and smears out in others, resulting in coherent
synchrotron emission of a single pulse. Such an unprecedentedly giant attosecond X-ray pulse may
bring us to view a real attoworld.
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Generation of short attosecond pulses requires significantly high harmonics [1–3] with
a broad spectral bandwidth. High harmonic generation (HHG) through relativistic laser
interaction with solid targets has been identified as a promising way to get bright attosecond
pulses [4–8], because solid-density plasmas can withstand larger charge separation field for
electron oscillations, resulting in much higher harmonics beyond those in gases [9–11]. For
intense lasers, relativistically oscillating mirror (ROM) mechanism [7, 8] has been shown
to support generation of coherent attosecond pulse trains in the extreme ultraviolet (XUV)
regime, where HHG is due to periodic Doppler upshifted reflection of the laser from collective
oscillations of the step-like critical plasma surface. The ROM harmonic spectrum has a fast
decay scaling of intensity on the harmonic order as I(n) ∝ n−8/3 before a rapid efficiency
rollover at frequency ωrs ∝ γ3max, where γmax is the maximum Lorentz factor of electrons.
Recently, however, a more efficient radiation mechanism has been identified in which a
compressed dense electron nanobunch with a δ-like peak density distribution and relativistic
energy is formed outside solid target surface, resulting in coherent synchrotron emission
(CSE) [12–14] of XUV-/X- rays. The reflected radiation is proportional to the time derivative
of the transverse current density in the nanobunch, instead of a simple phase modulation of
the laser pulse as in ROM. This results in a substantial increase in both radiation energy
and harmonic orders beyond those predicted by ROM scaling. Therefore, the CSE spectrum
is characterized by a slow scaling of I(n) ∝ n−4/3 to n−6/5, which is much flatter than the
8/3 power of ROM. Also ωrs here intrinsically depends not only on γmax, but also on the
thickness δ and the maximum density nmax of the nanobunch.
CSE presents a promising route to extending attosecond radiations at useful brightness
level to the X-ray (h¯ω ∼keV) regime. However, to obtain a bright single attosecond X-
ray pulse required for many applications, unfortunately there are still several key obstacles.
First, CSE does not occur in every case of irradiation of intense laser on a solid target,
which is highly sensitive to changes in plasma density profile, laser pulse amplitude, pulse
duration, angle of incidence, and even the carrier envelope phase of the laser [12, 13]. The
specific conditions required for CSE generation are still unclear. In the specular reflected
direction, it is hard to isolate the CSE radiation from the ROM one, where the latter
generally dominates. Although the generation of CSE in transmission has been observed
[14], the amplitude of the transmitted radiation is much weaker [15, 16]. Secondly, the
multi-cycle nature of the drive laser pulses implied that even if the attosecond radiations
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FIG. 1. Mechanism of single attosecond X-ray pulse generation by intense laser irradi-
ation on a capacitor-nanofoil target composed of two separate nanofoils. (a) Electrons of
the first nanofoil are blown-out at around the laser cycle of peak intensity, which are rapidly accel-
erated to relativistic energy, forming a flying dense electron mirror to impact the second nanofoil.
(b) The second nanofoil acquires significant negative charges, developing a strong electrostatic po-
tential between two foils. This strong potential drives a large number of electrons out of the second
foil and piles them up, forming an ultradense relativistic electron nanobunch for enhanced CSE of
single attosecond X-ray pulse.
are emitted by CSE and/or ROM, they must have come in the form of PHz-repetition-
rate trains. Although particle-in-cell (PIC) simulations predict that few-cycle, intense laser
pulses can be used, however, such laser systems are still under development and most of
high power (>100-terawatt) laser systems currently in operation in lab deliver pulse with a
duration of several 10s femtoseconds.
To overcome these problems, we propose a new radiation scheme by using a capacitor-
nanofoil target irradiated with intense laser pulses, as shown in the schematic Fig. 1, where
two nanofoils are separated with a distance less than laser wavelength λ. The thickness of the
first nanofoil satisfies l1/λ <∼ (1/2pi)(nc/n1)a0 [17], where a0 is the maximum normalized laser
amplitude, so that all foil electrons are blown out at around the laser cycle at peak intensity.
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As shown in Fig. 1(a), the blown-out electrons are rapidly accelerated to relativistic energy
by the drive laser, forming a flying dense electron mirror [17], which impacts the second
nanofoil quickly. Then, the second foil suddenly acquires significant negative charges, leading
to developing of a strong electrostatic potential between two foils. This strong potential
difference drives a large number of electrons out of the second foil and piles them up in
the vacuum gap, forming an ultradense relativistic electron nanobunch [see Fig. 1(b)].
CSE occurs as the nanobuncn obtaining both the maximum energy γx and the maximum
compressed density ne in the same peak-intensity cycle, where intense attosecond X-ray pulse
is generated. At later cycles, the blown-out relativistic electrons return back from the rear
of the second nanofoil and fill in the gap between two foils, smearing out the electrostatic
potential, and both foils expand, leading to longer plasma scale length. These break up the
conditions for CSE occurrence any more.
In this novel scheme, not only the required stringent condition of CSE can be released,
but also the CSE occurrence can be controlled in only one cycle and selected in the specific
high-intensity cycle of the drive lasers. More importantly, due to contribution from the
electrostatic potential developed in the capacitor-nanofoil target, the formed dense electron
nanobunch can be accelerated to larger energy γmax and compressed to higher density nmax
than that in general single foil target case, resulting in much enhanced CSE in the X-ray
range. Therefore, an intense single attosecond X-ray pulse can be obtained.
The fundamental dynamics of the proposed scheme is verified using 1D and 2D PIC
simulations. Details regarding the simulation setup and parameters are given in the section
of ”Methods”. 1D simulation results are shown in Fig. 2. We see that the radiation process
can be divided into three stages. First, at early stage, the rising front of the laser pulse
irradiates on the first nanofoil, where the laser intensity is low and the foil keeps opaque.
The reflected radiation is dominantly due to ROM from the oscillating surface of the first
nanofoil, leading to weak, slightly-compressed radiation pulse, as shown with the portion
of the red line from t = 26 to 27T0 in Fig. 2(a). Secondly, when the laser cycle around
the peak intensity (from t = 27 to 28T0) starts to irradiate on the first nanofoil, where the
laser ponderomotive force is larger than the maximum charge separation field in the foil
as a0 > 2pi(n1/nc)(l1/λ), almost all electrons are blown-out towards the second nanofoil.
The second nanofoil acquires significant negative charges, leading to developing of a strong
electrostatic potential between two foils [see the blue line in 2(d)]. When the oscillating
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FIG. 2. 1D PIC simulation results show the dynamics of coherent single attosecond
X-ray pulse generation from the capacitor-nanofoil target. (a) Electron energy density
distribution neγx evolving with time t and the corresponding radiation field amplitude |Ey|2 in the
reflected direction (the red line) from t = 26 to 29.0T0. (b) and (c) The electron energy distributions
γx at t = 27.5T0 around the peak of the drive laser (where the most intense radiation is emitted) and
28.1T0 of the next laser cycle (where the nanobunch significantly spread out), respectively. (d-f)
Electron density distributions of the first (pink) and second (red) nanofoils, the electrostatic force
(blue), and the laser ponderomotive force (green) at t = 27.48, 27.57 and 28.08T0, respectively. (g)
The velocity vx of the representative electrons, which contribute to the radiation, for the case of the
capacitor-nanofoil target case and the normal single foil target case. (h) Harmonic spectrum for the
radiation in the reflected direction, which has a fast decaying power law of -8/3 for ω < 400ω0 and
much flatter law of -4/3 for ω > 400ω0 till rollover at around ω = 20000ω0. (i) The single attosecond
intense pulse with peak intensity of Irad = 9.45× 1020W/cm2, FWHM duration τrad = 7.99as and
central wavelength of λrad = 1.0nm is obtained, by applying a spectral filter selecting harmonics
above 100ω0. Detailed parameters of the simulation are shown in the section of ”Methods”.
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FIG. 3. 2D PIC simulation show the scheme is still valid in the multi-dimensional case.
(a) and (b) Electron density and energy (γx) distributions at time t = 27.58T0 around the peak of
the drive laser, which clearly show that a flat ultradense relativistic electron nanobunch is formed,
which contributes to CSE of the second attosecond X-ray pulse. (c) and (d) By selecting harmonics
above 100ω0, a single attosecond X-ray pulse is produced with I = 2.7× 1019W/cm2 and FWHM
duration τ = 14as. Due to the distortion of the nanobunch under Gaussian laser, the following
radiation will transmit into different oblique direction. More details of the simulation setup are
shown in the section of ”Methods”
laser ponderomotive force decreases, this strong potential drives a large number of electrons
out of the second foil and piles them up, forming an ultradense electron nanobunch with
relativistic energy. At t = 27.5T0, the nanobunch is compressed to the maximum density
of nmax ' 2500nc [2(e)] and accelerated to the maximum energy of γx,max = 19.5 [2(b)].
Meanwhile, the nanobunch interacts with the peak of laser fields [see the green line in 2(e)],
having the maximum transverse current density as well. As a result, a remarkable radiation
pulse with extreme broad spectral bandwidth and high amplitude is synchronously emitted,
as seen in the sharp peak of the red line at t = 27.5T0 in Fig. 2(a). Lastly, afterwards,
the blown-out relativistic electrons return back from the rear of the second nanofoil and
filled in vacuum. Meanwhile, the electrostatic potential between two nanofoils disappears.
Both of these lead to smearing out and decompression of the nanobunch [2(c) and 2(f)]
and eventually break down of CSE in later laser cycles. Fig. 2(g) clearly shows that the
electrostatic potential developed in the capacitor-nanofoil target contributes to not only
formation of dense electron nanobunches but also significant enhancement in acceleration of
electrons to much higher energy than that in the normal case of a single foil target.
Figure 2(h) plots the harmonic spectrum of the radiation. In the lower frequency range
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FIG. 4. (color online) A demonstrative experiment of the proposed scheme is proposed
with state-of-the-art petawatt-femtosecond lasers. (a) shows the experimental setup. (b)
and (c) show the 1D PIC simulation result: A compressed ultradense relativistic electron nanobunch
of density 2500nc is formed (b), and a single attosecond X-ray pulse with intensity I = 7.3 ×
1019W/cm2 and FWHM duration τ = 24as is obtained with the same filter. Here the laser pulse
has a FWHM duration of 25fs and other parameters are the same as above.
from ω = ω0 to 400ω0, the spectrum shows a power law with the exponent −8/3. By
contrast in the higher frequency range for ω > 400ω0, it shows a much more slowly-decaying
power law with the exponent −4/3, in consistence with the CSE spectral feature. The
harmonic spectrum extends up to ω = 20000ω0, i.e. the photon energy ∼ 20keV. Such
a broadband spectrum leads to production of extremely short radiation pulse. Applying a
high-pass spectral filter selecting harmonics above 100ω0, an intense single attosecond X-ray
pulse with peak intensity Irad = 9.45 × 1020W/cm2, FWHM duration τrad = 7.99as and
central wavelength of λrad = 2.4nm is obtained, as seen in Fig. 2(i). If assuming such a
pulse has a transverse radius of 3µm, its power is about 260 terawatts.
To consider the multi-dimensional effects, the results of 2D PIC simulation with coarser
resolution are shown in Fig. 3. A dense electron nanobunch with compressed density of
1500nc and relativistic factor γx = 8.0 [3(b)] is also formed in front of the target, which
synchronously emits X-ray radiations, although the transversely non-planar intensity dis-
tribution and the coarser simulation resolution may both lead to destructive interference.
Figures 3(c) and 3(d) show that a single attosecond X-ray pulse at I = 2.7 × 1019W/cm2,
τ = 14as and central photon energy > keV in the normal reflected direction is also obtained
by the same spectral filter for ω > 100ω0.
Finally, as discussed above, the proposed scheme is rather robust, which can be eas-
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ily testified in experiments with state-of-the-art high-power lasers, in particular, petawatt-
femtosecond lasers. To be more close to the currently available laser conditions, we choose
the laser FWHM duration as τ = 25fs, containing 40 laser cycles, where it is generally
thought no CSE can occur and no single attosecond radiation pulse can be obtained. How-
ever, the simulation results show that by using the capacitor-nanofoil target, an intense
single attosecond X-ray pulse with I = 7 × 1019W/cm2 and τ = 24as [Fig.4(b)] can be
produced by CSE.
In summary, we have found a novel, robust scheme to get intense single attosecond pulse
in the X-ray regime via the efficient CSE mechanism, which can be achievable by high-power
petawatt lasers. By using the capacitor-nanofoil target irradiated with intense laser, a single
100-terawatt attosecond X-ray light pulse with high intensity 1021W/cm2 and short duration
7.9as can be obtained in the reflected direction. Such an extreme attosecond light shows a
dramatical increase in both the flux and the photon energy available for engineering light
forces. Orders of magnitude more powerful than previous reported attosecond pulses will
permit attosecond probing of processes with much smaller cross-section and pump-probe
spectroscopies of a wide range of bound electron exception and relaxation dynamics, which
are inaccessible today. On the other hand, extending attosecond pulse at useful levels to X-
ray (keV) energies will allow capturing the picometer-attosecond-scale motions of electrons
via attosecond X-ray diffraction.
METHODS
The relativistic particle-in-cell code, EPOCH [18, 19], is used for 1D and 2D simulations of
the proposed scheme. In 1D simulation of Fig. 2, a P-polarized laser pulse with peak intensity
of I0 = 7.7 × 1021W/cm2 (a0 = 60) and wavelength λ = 800nm is used to irradiate on the
the capacitor-nanofoil target. The laser pulse has Gaussian profiles in time with full-width-at-half-
maximum (FWHM) duration τ = 4T0, where T0 = 2pic/λ is the laser period of one cycle. Both foils
of the capacitor-nanofoil target have a steep density profile with initial solid density of n1 = 1050nc
and n2 = 1000nc, respectively, where nc = m0ω
2/e2 is the critical density. The corresponding
thicknesses of the foils are respectively l1 = 8nm and l2 = 100nm, where the first nanofoil is placed
between 20.0λ ∼ 20.01λ and the second one is located in 20.085λ ∼ 20.21λ, separated by a distance
of d = 60nm in vacuum. The laser starts to interact with the first nanofoil from time t = 20T0.
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The simulation box is 40λ long with a resolution of λ/100000 (0.08nm). 100 particles per cell for
target electrons are taken and ions are set to be immobile.
In the 2D simulation of Fig. 3, the simulation box is composed of 23λ × 10λ. Due to the
limitation of computational resources, we reduce the spatial resolution as λ/10000 × λ/1000 and
the number of particles per cell for target to be 8 only. The laser has a supergaussian transverse
profile with FWHM radius of r0 = 3.4λ. All other parameters are the same as the 1D simulation
above.
In the 1D simulation of realistic petawatt laser case of Fig 4, the simulation box extends to be
65λ long, and the capacitor nano-foil target is placed from 60λ to 60.15λ, where two nanofoils are
separated by a distance of 32nm with thickness of 8nm and 80nm respectively. Similarly, due to
the limitation of computational resources, we reduce the spatial resolution as λ/10000.
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